A multi-component quantification fingerprint based on high-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry technique has been established for the comparative analysis of raw and ripe fruits of Forsythia suspensa originated from different provinces. Eighteen bioactive constituents including three phenylethanoid glycosides derivatives, six phenolic acids, three flavonoids, four phenylpropanoids, one fatty acid and one terpenoid were identified and quantified. Total contents of phenylethanoid glycosides, phenylpropanoids and flavonoids from raw samples were found much higher than those from ripe samples, while total content of phenolic acids showed a contrary tendency. Moreover, the anti-microbial activities were comparatively assayed for the first time using five different bacterial strains. Results revealed a positive relationship between contents of total phenolic and anti-microbial activity. The results obtained in the present study may provide useful information for future utilization of F. suspensa.
Introduction
Forsythiae Fructus, commonly known as lian-qiao in Chinese, is the dried fruits of Forsythia suspensa (Thunb.) Vahl. As an herbal medicine, it has been used for clearing heat, detoxifying, eliminating nodes and swelling in Traditional Chinese Medicine (1) . Modern pharmacological studies have showed that Forsythiae Fructus has a wide variety of medical applications due to its antibiosis, anti-inflammatory, antipyretic, anti-emetic, diuretic effects, etc. (2) (3) (4) . Phenylethanoid glycosides, phenylpropanoids, phenolic acids, flavonoids and essential oils are the major ingredients of F. suspense and should be responsible for these aforementioned activities (5) (6) (7) (8) (9) .
There are two types of fruits of F. suspensa available in herb markets in China, the raw and ripe ones classified due to different maturation stages, named "qingqiao" and "laoqiao" referred to the Chinese Pharmacopoeia, respectively (1) . In general, "qingqiao" is considered as a mainstream variety with regard to its higher content of phillyrin. However, the actual efficacy is not necessarily better due to instability of phillyrin in the boiling part during processing and "early-picking" phenomenon occurs in different habitats. Hence, traditional and superior "laoqiao" is preferred for traditional Chinese formula and export markets, while "qingqiao" were used as raw material in the manufacturing and processing enterprise of Chinese patent medicine, such as shuanghuanglian preparations, qingrejiedu oral liquid and yinqiaojiedu tablets (10, 11) . Actually, "qingqiao" and "laoqiao" have been indiscriminate in clinical use and preparation of phytopharmaceuticals, which is a serious issue related to their efficacy, rationality and safety.
According to the Chinese Pharmacopoeia, phillyrin and forsythiaside A are chosen as marker compounds to estimate the quality of F. suspense (1) . During the past few years, a variety of analytical methods have been developed for chemical fingerprint and quantitative analysis to compare the diversity of "qingqiao" and "laoqiao", such as GC-MS profiles of essential oils (12) and identification or quantification of two phenylethanoid glycosides (phillyrin and forsythiaside A), two flavonoids (rutin and quercetin) and one phenylpropanoid [(+)-epipinoresinol-4-O-β-D-glucoside] by HPLC and LC-MS-MS techniques (13, 14) . Ni et al. discriminated 80 kinds of "qingqiao" and "laoqiao" samples using a pattern recognition method based on UV spectra fingerprints (15) . These studies contributed significantly to the current state of knowledge of two types of fruits. However, the content difference of multi-component and a comprehensive chemical profile for the characterization of "qingqiao" and "laoqiao" related with bioactivity has been obscure until now.
As a representative heat-clearing herb, F. suspense is effective in the treatment of polymicrobial infection caused by Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Streptococcus mutans and Porphyromonas gingivalis, and antifungal activity against Aspergillus flavus, Rhizopus stolonifer, Penicillium citrinum, Aspergillus niger and Saccharomyces carlsbergensis (16) (17) (18) . Moreover, phillyrin, forsythiaside A, baicalin and chlorogenic acid, four major components of F. suspense, also showed anti-microbial effects in vitro (19) (20) (21) .
Therefore, the present study aimed at defining the chemical composition and pharmacological characteristics of "qingqiao" and "laoqiao". A multi-component quantification fingerprinting approach based on high-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) techniques has been developed, which combined the chemical profiling and simultaneous determination of 18 bioactive constituents including three phenylethanoid glycosides derivatives, six phenolic acids, three flavonoids, four phenylpropanoids, one fatty acid and one terpenoid in the different "qingqiao" and "laoqiao" samples. Furthermore, their anti-microbial activities were comparatively assayed for the first time using five different bacterial strains.
Experimental

Chemicals and reagents
The standard compounds used in the qualitative and quantitative determination were isolated from Forsythiae Fructus in our previous studies (7) (8) (9) . They included forsythoside E (1), chlorogenic acid (2), forsythiaside A (3), rutin (4), p-hydroxyphenylethanol (5), protocatechaldehyde (6), p-hydroxybenzoic acid (7) C-NMR and MS and their purities evaluated with HPLC/MS were more than 95% by normalization of the peak areas. Acetonitrile (Fisher, Fair Lawn, NJ, USA) and formic acid (Dikma, Lake Forest, CA, USA) were of HPLC grade. Deionized water was daily purified using a Milli-Q Academic ultra-pure water system (Millipore, Milford, MA, USA). All other chemicals and solvents of analytical grade were obtained from Kermel Chemical Reagent (Tianjin, China).
Herbal materials
Six "qingqiao" and "laoqiao" samples (Sample #1-6, Supplementary Table SII) were directly obtained from herb markets in China, all of which were authenticated as F. suspensa (Thunb.) Vahl. by Professor Figure 1 . Phytochemicals identified in the fruits of F. suspensa.
Jincai Lu (Shenyang Pharmaceutical University, China). Voucher specimens were kept in the reference library for the medicinal herbs at Shenyang Pharmaceutical University.
Microorganisms
The experimental strains S. aureus, Acinetobacter bauman, E. coli, Pseudomonas aeruginosa and Stenotrophomonas maltophilia were supplied by the Molecular Microbiology Laboratory of Harbin University of Commerce. All the strains were tested for purity by Gram staining and biochemical tests. The strains were kept at −70°C in Luria-Bertani agar, activated by transferring into nutritive agar and incubating at 37 ± 1.0°C for 18 h. Bacterial strains were cultured overnight in nutrient broth (NB) at 37°C. The nutrient agar plates were inoculated with 100 µL of microorganism culture (10 8 CFU/mL).
Instrumentation and chromatographic conditions
HPLC-ESI-MS/MS analyses were performed on an AB Sciex QTrap ® 4000 mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped online with an ekspert ultraLC 100 system (Applied Biosystems) using a YMC-Pack ODS-A column (4.6 × 250 mm, 5 μm, YMC Co. Ltd, Kyoto, Japan) maintained at 35°C. Water containing 0.1% formic acid (solvent system A) and acetonitrile containing 0.1% formic acid (solvent system B) served as the mobile phase, and compounds were separated by gradient elution at a flow rate of 0.8 mL/min as follows: 0-2 min, held at 15% B; 2-7 min, a linear gradient from 15 to 30% B; 7-18 min, 30-80% B; 18-19 min, 80-15% B; and held at 15% B for equilibration in 1 min. A 10 μL of standard or sample solution was injected into the LC-MS-MS system for analysis. Mass spectrometric analyses were conducted using an electrospray ionization source in negative ionization mode. Quantification was performed in multiple reaction monitoring (MRM) mode. The MS parameters were as follows: curtain gas, ion source gas 1 and ion source gas 2 were 20, 50 and 50 p.s.i., respectively; ion source temperature was at 550°C; ion spray voltage (IS) and entrance potential (EP) were 4500 and 10 V, respectively. The precursor-to-product ion pairs, declustering potential (DP) and collision energy (CE) for each analyte are described in Table I . All data were collected in the centroid mode and were acquired and processed using Applied Biosystems/MDS SCIEX's Analyst software (Applied Biosystems).
Preparation of standard solutions
Primary stock solutions of 18 reference compounds were separately prepared by dissolving the accurately weighed reference compounds in MeOH. The stock solutions were then serially diluted until desired concentrations to obtain calibration curves. All of the solutions were stored at 4°C and brought to room temperature before use.
Sample preparation for HPLC-ESI-MS/MS determination
The sample powder (0.2 g, passed through a 500 μm mesh sieve) was ultrasonically double-extracted with 20 mL of MeOH-H 2 O (75:25) for 15 min each time. The mixtures were centrifuged at 3000 r.p.m. for 10 min, and the combined supernatants and washing liquid were evaporated to dryness in vacuo. The residues were reconstituted in 25 mL of MeOH-H 2 O (75:25), and then filtered through a 0.22 μm membrane filter prior to LC-MS-MS analysis.
Sample preparation for bioassay
Six extracts prepared from three regions of "qingqiao" and "laoqiao" samples (Sample #1-6, Supplementary Table SII) were used in vitro bioassay experiments. Ten grams of each sample was ultrasonically double-extracted with 100 mL of MeOH-H 2 O (75:25) for 15 min once. The combined extract solution was evaporated in vacuo to an adequate concentration. The extract powders were obtained with freeze-drying method. The extract powders were dissolved initially in Dimethyl Sulphoxide (DMSO) and suspended into Siraganian buffer with a constant volume of 1 g/mL. Final DMSO concentration was 0.1%, which was not toxic to microorganisms.
Method validation
Calibration curve, limits of detection and limits of quantification The working solution of each standard was diluted to six suitable concentrations in triplicate to prepare a calibration curve, which was constructed by plotting the peak area versus the corresponding concentration. The linearity of all calibration curves was determined by calculating the correlation coefficients. For each analyte, the limit of detection (LOD) and limit of quantification (LOQ) were determined at a ratio of 3.3 and 10 based on standard deviation of the response and the slope, respectively (22) .
Precision, accuracy, reproducibility and stability
The precision of the established method was evaluated by intra-day and inter-day variations. The intra-day variability was performed with six replicates on the mixed standard solutions within 1 day, while the inter-day precision was carried out in triplicate for three consecutive days. The accuracy of this method was determined by the application of the standard addition method. A 0.2 g of sample was spiked with suitable amounts of 18 standards (~50% of the content) and then was processed as described in "Sample preparation for HPLC-ESI-MS/MS determination" section in sextuplicate. An unspiked sample (0.2 g) was prepared and analyzed simultaneously for comparison. Six replicates were performed and the average recoveries were calculated as: recovery (%) = (detected amount -original amount)/spiked amount × 100%.
The reproducibility was determined by analysis of the same sample. Three portions of the same sample were extracted separately and each of the solutions was injected three times.
A recovery test was applied to evaluate the accuracy of this method. The test was performed by adding known amounts of the 18 analytical standards at medium (the same as the known amounts), and the stability was tested by assays of six freshly prepared Sample #2 solution at 0, 2, 4, 8, 12 and 24 h.
Data analysis
Each sample solution was injected in triplicate, and the content of the analytes was calculated according to the corresponding calibration curves. The full identification of all phytochemicals was performed by comparing the retention time, UV spectrum and MS fragments of their peaks with corresponding standards.
Anti-microbial activity assay
The anti-microbial activities of tested samples against S. aureus, A. bauman, E. coli, P. aeruginosa and S. maltophilia, represented as minimum inhibitory concentrations (MICs) value, were determined by the microdilution broth method described in a previous paper (23) . Briefly, 150 μL of bacterial strain culture, which contained~10 6 CFU/mL, was applied to sterile NB supplemented with multiple proportion dilutions of the samples at concentrations ranging from 12.5 to 1000 mg/mL in 96-well plates. A negative control containing inoculated growth medium was prepared. These serially diluted cultures were then incubated at 37°C for 18 h. The MIC was defined as the lowest concentration of the compound to inhibit the growth of microorganisms. Each experiment was performed in triplicate.
Results
Optimization of sample preparation and chromatographic conditions
The conditions for extraction of the major constituents from F. suspensa (Sample #2) were developed by optimizing the parameters related to the extraction methods, solvents, time and temperature.
The different levels of each factor including extraction method (ultrasonic extraction versus heat reflux extraction), extraction solvent (30, 50, 75 and 100% methanol) and extraction time (15, 30 and 15 + 15 min) were investigated individually by using the univariate approach. As shown in Supplementary Table SI, the best extract condition was proposed as using ultrasonically double-extraction with 75% methanol for 15 min each time.
Optimization of chromatographic and mass conditions
In order to achieve satisfactory separations and shorten analytical time, different kinds of columns and mobile phases with a variety of modifiers were tested. The YMC-Pack ODS-A column (4.6 × 250 mm, 5 μm) exhibited higher column efficiency than the Diamonsil C18 column (4.6 × 250 mm, 5 μm). Compared with other solvent systems, the acetonitrile/water system presented more powerful separation ability because it provided higher responses and lower background noise. By adding formic acid to the mobile phase, the chromatographic separations were greatly improved with sharper peak and better peak symmetry. Moreover, ionization efficiency of analytes was also increased. Based on this investigation, acetonitrile/water containing 0.1% formic acid system was selected as the mobile phase in the gradient program as described in "Instrumentation and chromatographic conditions" section. Representative chromatograms of 18 analytes in the samples are displayed in Figure 2 . For MS condition, each standard of target analytes was directly infused into the mass spectrometer in both positive and negative ionization modes to optimize the ESI-MS/MS conditions. It was found that the sensitivity and intensity of the analyte signals obtained in negative mode were higher than those obtained in positive mode. Therefore, the negative mode was selected for target compounds. Other parameters such as ESI source temperature, DP, IS, EP and CE for each investigated compound were optimized to achieve the most abundant, specific and stable MRM transition. All the MRM transition and parameters for each analyte are described in Table I .
Method validation
Validation of analytical method was performed by evaluating the linearity, LOD, LOQ, precision, repeatability, stability and recovery. Linear regressions of 18 compounds showed good linearity within the linear range, with correlation coefficient (r) ranging from 0.9989 to 0.9998 (see Table II ). The sensitivity was investigated as the values of LOD and LOQ, with a range of 0.031-0.923 and 0.103-3.076 ng/mL, respectively. The results of precision, repeatability and stability showed that the relative standard deviation (RSD) values of the 18 compounds were all less than 3.0%, recovery for the 18 compounds ranged from 96.4 to 104.4%, with RSD ranging from 0.45 to 2.71%. All the data mentioned above demonstrated that the established method is accurate and sufficiently sensitive for the quantitative determination of major constituents from "qingqiao" and "laoqiao" samples.
Quantification of 18 phytochemicals from "qingqiao" and "laoqiao" samples Six batches of "qingqiao" and "laoqiao" samples were comparatively analyzed using our established HPLC-ESI-MS/MS method. The representative extracted-ion chromatogram and quantitative results are shown in Figure 2 , Figure 3 and Supplementary Table SII . The data demonstrated that phytochemical profiles were similar among different "qingqiao" and "laoqiao" samples, while contents of major components are significantly different. Among the six samples, the total concentration of the 18 compounds ranged from 27.75 to 131.97 mg/g. In terms of class of constituents, phenylethanoid glycosides and phenylpropanoids were the most abundant class of constituents.
Forsythiaside and (+)-phillyrin were detected in richer abundance in "qingqiao" samples (31.1-41.7 mg/g for forsythiaside and 10.8-12.7 mg/g for (+)-phillyrin) than in "laoqiao" samples (6.7-8. , which should be determined simultaneously to comprehensively evaluate the quality of F. suspensa and its preparations. Moreover, total contents of flavonoids from "qingqiao" samples were found much higher than those from "laoqiao" samples, while that of phenolic acids showed a contrary tendency. Contents of the fatty acid and terpenoid showed no much difference in the maturation stages.
Anti-microbial effects of "qingqiao" and "laoqiao"
Twofold microdilution broth method was used for evaluating antimicrobial activities of "qingqiao" and "laoqiao" samples against bacterial strains. The MIC data of six batches samples were presented in Figure 4 and Supplementary Table SIII. The results show that all tested fruits of F. suspensa are endowed with anti-microbial activity, with their MIC values ranging from 12.5 to 250 mg/mL. "qingqiao" showed higher anti-microbial capacity than "laoqiao" on average, especially for A. bauman and S. maltophilia. Out of the six samples, "qingqiao" (sample #2) that from Shanxi Province exhibited the best antibacterial activity.
Discussion
Several reports on comparative analysis on HPLC fingerprints of "qingqiao" and "laoqiao" samples are reported (13, 14) . However, the content difference was obscure. In addition, quantification of several active components does not demonstrate the chemical natures because their clinical efficacy depends on the integrated effects of the multiple components on multiple targets. Thus, the rapid and sensitive quantification of multiple active components is preferable to the quality control of Traditional Chinese Medicines. In this study, one phenylethanoid glycoside (forsythoside E) and two flavonoids (baicalin and quercetin) were compared for the first time due to their existence in both "qingqiao" and "laoqiao" samples, together with six phenolic acids (chlorogenic acid, p-hydroxyphenylethanol protocatechaldehyde, p-hydroxybenzoic acid, p-coumaric acid and p-hydroxybenzylalcohol), one fatty acid (anchoic acid) and one terpenoid (hydroxy-4-isopropylcyclohex-1-enecarboxylic acid).
It has been reported that phenolic compounds were usually considered as the basis of anti-microbial activity due to their hydroxyl group. Several studies indicated that some phenylethanoid glycosides and phenylpropanoids such as forsythiaside, forsythin and (+)-phillyrin possessed inhibitory potency against several bacterial stains (24). In addition, rutin, a major constituent of flavonoids, showed similar potential activity (25) . Thus, the weakness of in vitro activities of "laoqiao" should be ascribed to the low content of active phenylethanoid glycosides, phenylpropanoids and flavonoids (see Figure 3 and Table I for the peak numbers, and see "Experimental" section for quantification condition. Intra-day (n = 6) Supplementary Table SII) . Our results revealed a positive relationship between contents of total phenolic and anti-microbial activity.
Conclusion
In summary, the present study developed an HPLC-ESI-MS/MS method for chemical characterization of two types of fruits of F. suspensa. The difference in chemical profiles between "qingqiao" and "laoqiao" is helpful for the standardization and quality control of plant materials of F. suspensa. Moreover, their anti-microbial activity was comparatively assayed using five different bacterial strains in vitro. The difference in anti-microbial activity between "qingqiao" and "laoqiao" might be ascribed to the variations of phenolic compounds profiles.
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